e corrosion risk of internal chloride and external chloride from three different exposure conditions was evaluated. e initiation of corrosion was detected by monitoring the galvanic current between cathode metal and embedded steel. e chloride threshold was determined by measuring the corrosion rate of steel by the polarization technique for internal chloride and the chloride profiling test for external chloride. As the result, the initiation of corrosion was accelerated with a cyclic wet/dry condition, compared to the totally wet condition. In addition, it was found that an increase of the drying ratio in the exposure condition resulted in an increase of corrosion rate after initiation. e threshold level of external chloride ranged from 0.2 to 0.3% weight by cement and internal chloride shows higher range, equated to 1.59-3.10%. Based on these data, the chloride penetration with exposure condition was predicted to determine the service life of reinforced concrete structure.
Introduction
ere is a general agreement that embedded steel in concrete forms a passive film on the surface and protects the steel against corrosion. e passive film is preserved by high alkalinity in concrete; however, breakdown of passive film occurs when the concentration of chloride at the vicinity of steel exceeds the chloride threshold level (CTL) [1] . Owing to this problem, various studies have been carried out to predict chloride transport according to exposure conditions because precise prediction of chloride transport leads to an enhancement of the accuracy of life cycle prediction. e determination of the CTL is another crucial factor influencing on the service life prediction [2] . It is known that the CTL changes with various conditions, such as chloride source, exposure condition, and mixing materials; however, the CTL used in service life prediction is conservative, accounting for 0.2-0.4% by weight of cements [3, 4] . e main reason for this may be attributed to the absence of exact test methods for defining the CTL, of which the complexity moreover depends on the test methods. In previous studies, due to the convenience of experiment and time-saving, several experiments were conducted to determine the CTL with the steel directly immersed in solution [5, 6] or with admixed chloride [7] [8] [9] . In the case of the solution test, the results show that the corrosion of steel initiated in a small amount of chloride, which seems to be unrealistic in that it did not consider the corrosion resistance of concrete. For the chloride admixed test, the CTL varied from 0.1 to 1.0% by weight of the binder; however, it could not fully cover the real condition of reinforced concrete structure exposed to chloride environment. Experiments with external chloride were also conducted with long-time immersed specimens, but considering diverse exposure condition is deficient [10] [11] [12] . Hence, it is necessary to define the CTL depending on the chloride sources and consequently to evaluate the corrosion risk of reinforced concrete structure.
e present study discussed about the corrosion risk and CTL for both internal chloride and external chloride. e influence of internal chloride was evaluated by measuring the corrosion current density for 100 days by the polarization technique. For external chloride, the initiation of corrosion with three different exposure conditions was detected by monitoring the galvanic current, and then, the chloride penetration rate was evaluated to determine the CTL. Subsequently, the CTL was applied to the service life prediction to evaluate the corrosion resistance of the structure.
Experimental Work
In this paper, corrosion initiation induced by internal chloride and external chloride was evaluated. For the experiments, mortar specimens were made to reduce the size while considering the influence of the aggregate in the corrosion process. e mix proportion was 1.00 : 4.00 : 2.46 for ordinary Portland cement, deionized water, and sand (maximum size was 15 mm). e experimental details for both internal/external chloride specimens and corrosion measuring method are stated as follows.
Chloride Admixed Specimens.
Six levels of chloride were admixed in mixing water as NaCl: 0.2, 0.5, 1.0, 1.5, 2.0, and 3.0% by weight of cement. e mortar specimens were cast in a cylinder mould (Ø40 × 80 mm) with a smooth steel rebar (Ø10 × 80 mm) placed in the center of the specimen. In the process of demoulding, the cement paste (0.25 of w/c ratio) was covered on the end of the steel bars to ensure the protection of corrosion at the exposed part. After then, an epoxy resin was coated at the top and bottom so that ions and current can pass only through the sides. To achieve enough hydration degree and high relative humidity in a pore matrix, the specimens were cured for 28 days in a controlled chamber at 25 ± 1°C and 95 ± 2% relative humidity. is curing condition was equally applied to external chloride specimens. After 28 days of curing, the corrosion current density of embedded steel was monitored by the polarization technique.
Immersed Specimens.
Profile specimens and corrosion test specimens were prepared separately to detect the corrosion initiation of steel and determine the CTL. e same cylindrical mortar specimens (Ø40 × 80 mm) containing a smooth steel rebar (Ø10 × 80 mm) were fabricated for corrosion measurement, without any admixed chloride. For the chloride profile test, a mortar disc (Ø100 × 50 mm) was cast and coated, immediately after demoulding, by epoxy resin except the top of the specimen to drive onedimensional chloride transport. All the specimens were cured in a chamber for 28 days and then exposed to the chloride. Considering the tidal environment, it was classified into three types of exposure condition, that is, 2 days of wetting (immersed)/8 days of drying (to which will be referred as 2w/8d), 5 days of wetting/5 days of drying (5w/5d), and totally immersed (10w). At the immersion stage, the specimens were kept in 1 M NaCl solution at 25 ± 2°C of ambient temperature and stored in a chamber under the dry condition (25 ± 1°C and 30% related humidity). e galvanic current of the embedded steel was measured every 10 days to observe the corrosion initiation.
Chloride Profile.
e chloride profile was obtained from the dust samples collected by grinding the mortar surface in 5.0 mm depth increments to 30.0 mm. e free chloride in each sample was extracted by stirring for 5 minutes in a 50°C of deionized water and measured by chloride ion-selective electrode manufactured from Orion ™ . To determine the surface chloride concentration and diffusion coefficient, the measured chloride concentration data were used to solve Fick's second law of diffusion. Fick's second law in a semiinfinite space is represented as follows:
where C(x, t) is the chloride concentration at depth x after time t (s), C s is the surface chloride concentration (%/m 3 ), D is the apparent diffusion coefficient (m 2 /s), x is the depth from the surface (m), and t is the time of exposure (s). To determine the CTL of immersed specimens, the profile data were obtained at the time when the corrosion initiation was detected by the galvanic current test.
Corrosion Measurement.
e corrosion initiation was detected by measuring the current flow between the embedded steel and cathode metal (titanium mesh). e specimens were placed with a cylindrical titanium mesh in 1 M sodium hydroxide solution (Figure 1(a) ). Although galvanic current measurements did not reveal the quantitative corrosion rate, it is possible to deduce the time of corrosion initiation through the time when the current increases sharply. e galvanic current was determined by calculating the measured potential difference across 10 kΩ resistor, using Ohm's law.
Linear polarization resistance (LPR) measurement was conducted to observe the corrosion current of steel. e schematic diagram of the electrical circuit of the polarization technique is shown in Figure 1 (b). e mortar specimen was immersed in 1 M sodium hydroxide solution, and two electrodes (counter and reference electrodes) were arranged and connected with the instrument in the solution. e standard saturated calomel electrode (SCE) and carbon electrode were used as the reference electrode and counter electrode, respectively. Reference 600 from Gamry Instrument was used as the potentiostat. e LPR measurements were performed by applying a potential signal ranged from ±20 mV about E corr at 0.2 mV/s of the scan rate and measuring the current response. en, the corrosion current was calculated by the equation as follows:
where R p is the polarization resistance (Ω), ΔE is the change in potential (V), ΔI is the change in current (A), I corr is the corrosion current (A), and B is the Stern-Geary constant.
e Stern-Geary constant should be determined empirically; however, it was generally assumed to be 26 mV for active and 52 mV for passive state of steel [13] . I corr was converted to the corrosion rate to surface area of the steel rebar. 
Result and Discussion

Corrosion Initiation.
e corrosion initiation of steel in mortar, exposed to different exposure conditions, was determined by monitoring the galvanic current, as shown in Figure 2 . At the beginning of the monitoring, a relatively low galvanic current value appeared, irrespective of the exposure condition.
is convinced that the steel in the mortar specimen was free from corrosion (passivated). e corrosion initiation time was varied depending on the exposure condition.
e 2w/8d specimen indicated no remarkable change until 40 days and subsequently increased up to about 6 μA.
e increased current remained steadily thereafter. 5w/5d and 10w specimens showed a sharp increase of current at 90 and 160 days, respectively. And the current of the 10w specimen was increased up to 1.3 μA at 60 days and then was decreased at 80 days. is result could be supposed as an initiation of localized corrosion and repassivation, though the interpretation of repassivation in galvanic current measurement is still controversial. Figure 3 shows the changes in the corrosion current density of embedded steel, derived by LPR measurement. According to the previous studies, corrosion current density over 0.1 μA/cm 2 was identified as the depassivation of steel [14, 15] . Compared with the galvanic current test results, the corrosion of steel in mortar, subjected to different exposure conditions, initiated at similar or later time. For example, the 2w/8d specimen showed a corrosion current density value higher than 0.1 μA/cm 2 after 60 days and gradually increased after that. e 5w/5d specimen required 90 days to exceed 0.1 μA/cm 2 and 170 days for the 10w specimen. After 300 days, the current density of each specimen was converged to a constant value, accounting for 30, 8.0, and 0.5 μA/cm 2 for 2w/8d, 5w/d, and 10w specimens, respectively. It is presumed that the higher corrosion current density of steel, resulting from cyclic wetting and drying exposure conditions, is due to the higher penetration rate of both chloride and oxygen [16] . us, it is evident that high drying ratio accelerates the corrosion initiation time and increases the Advances in Materials Science and Engineering 3 corrosion current density in the corrosion propagation phase. is acceleration of corrosion, consequently, may cause a hazardous defect on the marine-reinforced structure, especially exposed to high tide level.
us, a totally immersed condition imposes a higher CTL of concrete than that exposed to a cyclic wet/dry condition.
Chloride reshold Level.
To evaluate the influence of internal chloride on the corrosion rate, the corrosion current density was monitored for 100 days. e average corrosion current density was obtained by integrating the measured current density and dividing it by the total number of days to measure. e average corrosion current density of the steel bar in the mortar specimen as a function of the concentration of admixed chloride (total chloride) is depicted in Figure 4 . e average corrosion current density showed exponential increase in total chloride. e CTL ranged from 1.74-2.46% of the total chloride content for 0.1-0.2 μA/cm 2 . From the prior research, Alonso et al. [14] show a similar CTL ranged from 1.24 to 3.08, and Hope and Ip [8] reported relatively low CTL ranged from 0.92 to 1.35. However, the CTL prescribed by the British Standard or ACI is 0.4 or 0.2% by the weight of cement, and it is significantly lower than this result [17, 18] .
is difference may be due to the variation of chloride binding capacity arising from chloride source. In pore solution, free chloride chemically reacted with the hydration products of C 3 A or C 4 AF into Friedel's salt at the early hydration process.
e formation of Friedel's salt could remove the free chloride in the pore solution, which participates in the corrosion process. In fact, the formation of Friedel's salt reduced in the external chloride condition since the chloride penetrates after hydration of the cement proceeds [19, 20] . From a literature review on real structures, the CTL was moreover produced in a wide range, accounting for about 0.2-1.5%, presumably due to environmental influencing factors to corrosiveness of steel, such as relative humidity, moisture level in concrete, and temperature [21, 22] . us, it seems very difficult to empirically determine the CTL from real structures, with no adjustment of environmental factors. e chloride profile with different exposure conditions was conducted at the time when the corrosion initiation was observed (at 40, 90, and 160 days), as shown in Figures  5(a)-5(c) . e calculated surface chloride and apparent diffusion coefficient are stated in Table 1 . It was found that an increase in the drying ratio resulted in an increase of the total penetrated chloride concentration through all depths from the surface. When the specimen is exposed to dry conditions, the water saturation in the pore decreases and, therefore, the chloride transport is dominated by both diffusion and absorption, particularly at the outer section. erefore, as the transportation rate of chloride ions induced by absorption is generally higher than diffusion, the 2w/8d specimen shows the highest amount of chloride penetration throughout the depth from the exposed surface. Liam et al. and TWRL [23, 24] reported the rapid penetration of chloride ions as the drying ratio increases; however, they showed relatively high surface chloride concentration, ranged from 1.66 to 4.42% by weight of cement. e long-term exposure to the chloride environment may result in further accumulation of chloride ions at the surface, induced by salt crystallization by drying. Comparing the profile data at the time of corrosion initiation, 2w/8d and 5w/5d specimens show a similar amount of the total chloride content at the steel depth ( Figure 5(d) ). Since the cover depth of the specimen was 15 mm, the CTL for 2w/8d and 5w/5d specimens is about 0.2% which is similar to the BS and ACI standards, while the CTL of 10w is about 0.3%. Advances in Materials Science and Engineering 5
Life Cycle Prediction.
In service life prediction, although the CTL of external chloride is lower than that of internal, it is difficult to determine the corrosion risk according to the chloride source. External chloride takes time to penetrate until steel depth, and increase of cover depth can delay it. On the other hand, internal chloride has a risk of rebar corrosion immediately after casting because it is always present nearby the steel. In addition, quantification of the total chloride content which exists in mixing materials (e.g., water, sand, and gravel) is knotty. Accordingly, in this paper, the chloride penetration and service life prediction were conducted only for external chloride.
To predict the chloride penetration, subsequently to predict the service life, time dependency of chloride transport should be considered [25] . Generally, the chloride transport in concrete was extrapolated based on Fick's law of one-dimensional diffusion with constant diffusivity. It contains some basic assumptions of that (1) the concrete is exposed on the constant chloride concentration and (2) the pore matrix is homogeneous; that is, it shows an identical diffusivity throughout the concrete at the same time. However, from Tang and Nilsson [26] , chloride diffusion coefficients at early age decreased with time and they mathematically expressed the reduction, taking into account the time dependency, as follows:
where m is the age factor and In the previous studies [27, 28] and life cycle prediction programs (Life 365, DuraCrete 2000), the recommended value of m varies from 0.2 to 0.55. erefore, the obtained values of m were considered to be an appropriate value. Using these age factors, the chloride transportation was predicted with time-dependent diffusion coefficient, as shown in Figure 6 . For the boundary condition of the prediction model, the chloride concentration at the exposed surface was set to 1.0 M and the cover depth was 50 mm. It was evident that a decrease in drying ratio increases the required time of chloride transport to reach up to CTL at the specified cover depth. e service life was predicted as 2.35, 4.73, and 13.1 years for 2w/8d, 5w/5d, and 10w, respectively. In particular, the predicted service life of 2w/8d and 10w was clearly different because the CTL of 2w/8d is lower than 10w and the chloride transport rate of 2w/8d is basically high. us, it is evident that the corrosion initiation is likely to be promoted in the marine structures exposed to the high drying ratio condition, that is, high tide level. Furthermore, reminding that an increase in the drying ratio increases the corrosion rate after corrosion initiation, it is expected that the deterioration of the structure, induced by chloride propagation, will be accelerated. When it comes to a conservative value for the CTL (i.e., 0.4%), the predicted corrosion-free life could be enormously increased up to 13.0, 16.8, and 26.1 years for 2w/8d, 5w/5d, and 10w, respectively. It suggests that the CTL would be a crucial factor to govern the service life of concrete structures exposed to a salt environment. e difference in the CTL in terms of the corrosion resistance from experiment and real structures would arise from the reactivity in the cathodic region on the steel surface. In wet and dry cyclic environments (i.e., in the present study), oxygen and water could percolate the concrete to the depth of the steel, depending on the duration of exposure to the atmospheric condition. us, cathodic reaction could accompany the anodic process on the steel surface, leading to accelerate the corrosion process. In turn, the corrosiveness would be rapidly developed, producing the lower CTL. However, in the real structure, the penetrability of cathodic agents may be limited, in particular, to the depth of the steel: the cover depth usually exceeds 50-100 mm in a marine environment, and thus, the access of oxygen and water is restricted to the steel. Substantially, the corrosiveness would be retarded by limited cathodic reaction on the steel surface, thereby producing the increased corrosion resistance in terms of the higher CTL.
Conclusion
In the present study, the corrosion risk of reinforced concrete structure arising from internal chloride and external chloride was evaluated. e corrosion rate was monitored, and the chloride transport was analyzed to determine the CTL according to the chloride source. In addition, in the case of external chloride, the service life prediction was conducted with different exposure conditions. e conclusions derived from the experimental works are as follows: (1) As the results of the monitoring of the galvanic currents, the corrosion initiation was greatly affected by the exposure condition. e wet/dry condition accelerates the onset of corrosion than the totally wet condition, presumably due to the increased penetration of oxygen and chloride. (2) e measurement of LPR gave an informative data to decide the CTL depending on the chloride source. Internal chloride showed higher CTL than external chloride, which is thought to be caused by the reduction of the amount of free chloride, participating in the corrosion process, by chloride binding in the initial hydration stage. (3) e dry ratio of the exposure condition increases the corrosion rate after the initiation of corrosion. Accordingly, it is expected that the corrosion propagation will be promoted in marine structure exposed to high tide level. (4) Consequently, a dramatical decrease of service life was predicted in structures exposed to high tide level. Also, since the corrosion propagation rate is high, accelerated defects of structural behavior are expected.
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